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Satellite cells in skeletal muscle are a heterogeneous
population of stem cells and committed progenitors.
We found that quiescent satellite stem cells ex-
pressed theWnt receptor Fzd7 and that its candidate
ligand Wnt7a was upregulated during regeneration.
Wnt7a markedly stimulated the symmetric expan-
sion of satellite stem cells but did not affect the
growth or differentiation of myoblasts. Silencing of
Fzd7 abrogated Wnt7a binding and stimulation of
stem cell expansion. Wnt7a signaling induced the
polarized distribution of the planar cell polarity
effector Vangl2. Silencing of Vangl2 inhibited Wnt7a
action on satellite stem cell expansion. Wnt7a
overexpression enhanced muscle regeneration and
increased both satellite cell numbers and the propor-
tion of satellite stem cells. Muscle lacking Wnt7a
exhibited a marked decrease in satellite cell number
following regeneration. Therefore, Wnt7a signaling
through the planar cell polarity pathway controls
the homeostatic level of satellite stem cells and
hence regulates the regenerative potential of muscle.
INTRODUCTION
Satellite cells in adult skeletal muscle are located in small
depressions between the sarcolemma of their host myofibers
and the basal lamina. Upon damage, such as physical trauma,
repeated exercise, or in disease, satellite cells become acti-
vated, proliferate, and give rise to a population of myogenic
precursors cells (myoblasts) expressing the myogenic regulatory
factors (MRFs) MyoD and Myf5. In the course of the regeneration
process, myoblasts undergo multiple rounds of division before
committing to terminal differentiation, fusing with the host fibers
or generating new myofibers to reconstruct damaged tissue
(Charge and Rudnicki, 2004).
During skeletal muscle regeneration, the satellite cell popula-
tion is maintained by a stem cell subpopulation, thus allowing
tissue homeostasis and multiple rounds of regeneration during
the life span of an individual (Kuang et al., 2008). Transplantationexperiments of either intact myofibers with their associated
satellite cells (Collins et al., 2005), or FACS-sorted satellite cells
(Kuang et al., 2007; Montarras et al., 2005), or individual cells
(Sacco et al., 2008) demonstrated that a subpopulation of quies-
cent satellite cells are capable of both extensive contribution to
muscle regeneration and self-renewal by giving rise to new satel-
lite cells within the transplanted host muscle.
Recent findings from our laboratory using Cre/loxP lineage-
tracing identified a subpopulation of satellite cells that have
never expressed Myf5 and function as a stem cell reservoir
(Kuang et al., 2007). Satellite stem cells (Pax7+/Myf5) represent
about 10% of the adult satellite cell pool and give rise to daughter
satellite myogenic cells (Pax7+/Myf5+) through asymmetric
apical-basal cell divisions. Transplantation of both Myf5 and
Myf5+ FACS-sorted satellite cells demonstrated that satellite
stem cells are capable of repopulating the adult satellite cell
niche as well as self-renewal (Kuang et al., 2007). Nevertheless,
our knowledge of the molecular networks regulating satellite
stem cell fate decisions has remained unclear.
The paired-box transcription factor Pax7 plays a central regu-
latory role in satellite cell function and survival (Kuang et al.,
2006; Seale et al., 2000). The satellite cell population in Pax7-
deficient mice is progressively lost, and the residual cells in the
satellite niche are unable to sustain efficient skeletal muscle
regeneration (Kuang et al., 2006; Oustanina et al., 2004). Recent
work has revealed that Pax7 recruits the Ash2L-Wdr5-MML2
histone methyltransferase complex to target genes such as
Myf5 leading to histone 3 K4 trimethylation and subsequent
gene activation (McKinnell et al., 2008). However, the signaling
pathways and molecular mechanisms that regulate the activity
of Pax7 in satellite stem cells are undefined.
Wnt signaling plays a key role in regulating developmental
programs through embryonic development and in regulating
stem cell function in adult tissues (Clevers, 2006). Wnts have
been demonstrated to be necessary for embryonic myogenic
induction in the paraxial mesoderm (Borello et al., 2006; Chen
et al., 2005; Tajbakhsh et al., 1998) as well in the control of
differentiation during muscle fiber development (Anakwe
et al., 2003). Recently, the Wnt planar cell polarity (PCP)
pathway has been implicated in regulating the orientation of
myocyte growth in the developing myotome (Gros et al.,
2009). In the adult, Wnt signaling is necessary for the myogenic
commitment of adult stem cells in muscle tissue following acuteCell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc. 535
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studies suggest that the canonical Wnt/b-catenin signaling
regulates myogenic differentiation through activation and
recruitment of reserve myoblasts (Rochat et al., 2004). In addi-
tion, the Wnt/b-catenin signaling in satellite cells within adult
muscle appears to control myogenic lineage progression by
limiting Notch signaling and thus promoting differentiation
(Brack et al., 2008).
In this study, we undertook a molecular characterization
of satellite stem cells using a subtractive hybridization ap-
proach to identify uniquely expressed genes. We found that
the Wnt receptor Fzd7 was markedly upregulated in quiescent
satellite stem cells, suggesting a role for noncanonical Wnt
signaling. Investigation of this hypothesis revealed that Wnt7a is
expressed during muscle regeneration and acts through its
receptor Fzd7 and Vangl2, a component of the PCP pathway, to
Figure 1. Satellite Stem Cells Express the
Wnt Receptor Frizzled7
(A) Single myofibers isolated from Myf5-Cre/
ROSA26-YFP mice. Ninety percent of Pax7+ cells
expressed YFP, and 10% of Pax7+ cells were
YFP. Satellite cells uniformly expressed the stem
cell marker CXCR4.
(B) Gated satellite cells (a7-integrin+, CD34+,
CD45, CD31, CD11b, Sca1) extracted from
resting limb skeletal muscle were separated on
the basis of Myf5-Cre-activated YFP fluores-
cence.
(C) Real-time PCR analysis of sorted cells showing
the absence ofMyf5 and YFP transcripts as well as
the expression of Fzd7 transcripts in YFP-sorted
cells (n = 3).
(D) Fzd7 was expressed specifically in quiescent
Pax7+/YFP satellite stem cells (left), but not in
Pax7+/YFP+ satellite myogenic cells (right) in fre-
shly isolated Myf5-Cre/ROSA26-YFP myofibers.
(E) Proliferating satellite cells and myogenic
precursor cells express Fzd7. Regenerating EDL
myofibers were isolated 4 days after TA muscle
injury. Both Pax7+/Myf5 (left) and Pax7+/Myf5+
(right) dividing satellite cells expressed Fzd7.
Scale bars are 10 mm. Errors bars represent SEM.
induce symmetric satellite stem cell
expansion and dramatically enhance
muscle regeneration. Together these
results reveal a role for the PCP pathway
in regulating the homeostatic maintenance
of the stem cell compartment during adult
skeletal muscle regeneration.
RESULTS
Frizzled7 Is Highly Expressed
in Quiescent Satellite Stem Cells
Satellite cells are a heterogeneous
population composed of stem cells
and committed progenitors. All satellite
cells express Pax7 and markers such as
CXCR4; however, a subset of about
10% of cells have never expressed Myf5 during their develop-
mental history (Figure 1A). As previously demonstrated, Pax7+/
Myf5 satellite cells represent a stem cell population within the
satellite cell niche (Kuang et al., 2007).
Toward performing gene expression analysis of quiescent
satellite stem cells, we first improved our previously described
methodology for satellite cell isolation by fluorescence-activated
cell sorting (FACS) as described in the Experimental Procedures.
FACS-purified cells (CD34+, a7-integrin+, CD31, CD45,
CD11b, Sca1) (see Figure S1A available online), were >95%
satellite cells, as determined by Pax7 and Syndecan-4 (Syn4)
expression (Figure S1B), and exhibited robust growth and differ-
entiation potential in vitro (Figure S1C).
FACS-purified satellite cells were further separated on the
basis of Myf5-conditional YFP fluorescence (Figure 1B). In vitro-
cultured YFP satellite cells gave rise to proliferating cells536 Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc.
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at low density (Figure S2), thus validating that YFP cells do not
and have not expressed Myf5. Real-time PCR analysis of freshly
sorted cells confirmed Pax7 expression (Figure 1C) as well as
several other satellite cell markers, such as cMet, Syn4, Caveo-
lin1, and a7-integrin (data not shown) in isolated YFP+ and YFP
satellite cells. In addition, YFP and Myf5 transcripts were de-
tected in YFP+ satellite cells, while virtually no YFP and Myf5
expression (not significantly different from RT controls) was de-
tected in YFP satellite cells (Figure 1C).
To gain insight into the molecular mechanisms responsible for
regulating satellite stem cell function, suppressive subtractive
hybridization (SSH) of cDNAs (Diatchenko et al., 1997) was
employed to identify genes expressed specifically in quiescent
Pax7+/Myf5 satellite stem cells. Notably, one of the differen-
tially expressed clones encoded a fragment from within the
Frizzled7 (Fzd7) mRNA. Fzd7 is a G protein-coupled transmem-
brane Wnt receptor that belongs to a protein family encoded by
multiple genes (Egger-Adam and Katanaev, 2008). Real-time
PCR analysis confirmed that Fzd7 transcripts were abundantly
expressed in YFP satellite cells and only marginally detected
in YFP+ satellite cells (Figure 1C).
To confirm the differential expression suggested by real-time
PCR, we examined Fzd7 protein expression on myofibers fixed
immediately following isolation from extensor digitorum longus
(EDL) muscles. Immunohistological analysis revealed that 12% ±
3% of Pax7+ satellite cells expressed readily detectable levels of
Fzd7 (n = 3 mice, >150 cells/mouse). Analysis of myofibers iso-
lated from Myf5-Cre/ROSA26-YFP EDL muscles demonstrated
that Fzd7 was specifically upregulated in satellite stem cells
(Pax7+/Myf5) that do not contain detectable levels of YFP
(Figure 1D).
However, culture of fibers in suspension for 2 days resulted in
upregulation of Fzd7 in virtually all satellite cells (99%, n = 3 mice,
R100 cells per mouse) (Figure S3). Furthermore, examination of
regenerating myofibers from EDL muscle following cardiotoxin
(CTX)-induced damage of the tibialis anterior (TA) muscle (Kuang
et al., 2007) revealed Fzd7 expression on doublets of Pax7+/
Myf5 and Pax7+/Myf5+ cells (Figure 1E).
Taken together, these results demonstrate that, in resting
muscle, the Wnt receptor Fzd7 is specifically expressed in quies-
cent satellite stem cells. However, Fzd7 is also upregulated in
proliferating satellite cells and myoblasts.
Wnt Expression during Muscle Regeneration
Coexpression of Fzd7 and Wnt7a during embryonic myogenesis
suggests that Wnt7a is a candidate ligand for Fzd7 (Cossu and
Borello, 1999). Moreover, Wnt7a has been implicated as a major
regulator of embryonic and adult myogenesis (Chen et al., 2005;
Polesskaya et al., 2003; Tajbakhsh et al., 1998). We therefore
employed real-time PCR array analysis of freeze-injured TA
muscle to document Wnt expression during regenerative myo-
genesis. We chose freeze injury of muscle because of the
significantly reduced inflammatory response relative to other
methods such as CTX injection. Changes in gene expression
were analyzed at 3 days postinjury, during the acute phase of
regeneration, where most of the Pax7+ cells are proliferating,
and at 6 days postinjury, when satellite cells have returned to
a quiescent sublaminar position (Figure 2A).At 3 days postinjury, we detected significant increases (as
compared to contralateral leg, n = 3 mice, p < 0.05) in 31 tran-
scripts including those for multiple Wnts (Wnt-1, -2, -5b, -8b,
-10a, -16a), Frizzled receptors, and sFRP inhibitors (Figure S4).
Notably, at 6 days postinjury, we detected a significant increase
(n = 3 mice, p < 0.05) in the transcript levels for Wnt7a and
Wnt10a (Figure 2B). Wnt3a levels were below the limit of detec-
tion in our analyses at both 3 and 6 days of regeneration (Table
S1). Therefore, Wnt7a mRNA was markedly upregulated at the
time when satellite stem cells replenish the resident satellite cell
pool.
To confirm Wnt7a upregulation during muscle regeneration in
another muscle injury model, we performed immunohistochem-
ical analysis of Wnt7a protein expression on cryosections of
CTX-injured TA (fixed 4 days postinjury) and the contralateral
resting TA. In undamaged muscle, Wnt7a was not expressed
at detectable levels (Figure 2E, left). By contrast, Wnt7a was
strongly upregulated in regenerating fibers (of smaller size than
the intact fibers and containing myogenin+ nuclei) and was not
expressed by CD144+ endothelial cells (Figure 2E, right).
To determine whether Wnt7a is a ligand for Fzd7, cultured
satellite cell-derived myoblasts were incubated with recombi-
nant human Wnt7a protein for 30 min, washed, fixed, and immu-
nostained with anti-Wnt7a antibody. Cells incubated with BSA
did not show membrane staining for Wnt7a protein. By contrast,
cells incubated with Wnt7a protein exhibited immunostaining on
the membrane (Figure 2C). Importantly, transfection of Fzd7
siRNA abrogated binding of Wnt7a (Figure 2C). Fzd7 silencing
was effective, specific, and did not significantly alter the other
Frizzled transcripts expressed in myoblasts (Figure S6A). Taken
together, these data provide compelling evidence that Fzd7 is
the receptor for Wnt7a in myogenic cells.
Wnt7a has been described as either a canonical (Hirabayashi
et al., 2004) or a noncanonical Wnt (Kengaku et al., 1998), de-
pending on cell type and receptor context. To evaluate the
possible function of Wnt7a as a canonical Wnt, we stimulated
satellite cell-derived myoblasts with Wnt7a and Wnt3a proteins
for 24 hr. Wnt3a activates the canonical Wnt pathway in myogenic
cells (Brack et al., 2008), and in our experiment, Wnt3a stimulation
resulted in increased expression of b-catenin/TCF target genes—
for example, a 5-fold and 50-fold increase of Tcf7 and Axin2
mRNAs, respectively, (n = 5, p% 0.001). By contrast, Wnt7a stim-
ulation did not result in any significant change in Tcf7 and Axin2
levels, which were similar to BSA-treated samples (Figure 2D). In
addition, Wnt3a, but not Wnt7a, stimulation robustly induced the
stabilization and nuclear localization of activated b-catenin
(Figure S5), and Wnt3a, but not Wnt7a, robustly activated the b-
catenin luciferase reporter TOP-Flash in transient transfection
experiments (data not shown).
Taken together, these results indicate that Wnt7a is markedly
upregulated by newly formed myofibers during regenerative
myogenesis, binds to the Fzd7 receptor at the surface of
myogenic cells, and does not utilize the canonical Wnt/b-catenin
signaling pathway.
Symmetry of Satellite Stem Cell Divisions
Is Regulated by Wnt7a-Frizzled7
The expression of Fzd7 specifically in quiescent satellite stem
cells and the marked upregulation in Wnt7a during muscleCell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc. 537
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(A) Cryosections of resting (top) and freeze-injured TA muscles analyzed at 3 (middle) and 6 (bottom) days following injury. The basal lamina of myofibers is
revealed by laminin a2 chain staining, and satellite cell nuclei were visualized by Pax7 staining.
(B) Real-time PCR array analysis of regenerating TA muscle 6 days following freeze injury revealed upregulation of Wnt7a mRNA at the time that satellite cells
return to quiescence (n = 3).
(C) Recombinant Wnt7a protein binds Fzd7 at the surface of myogenic cells, and this binding is abolished after knockdown of Fzd7.
(D) Wnt3a, but not Wnt7a, activates b-catenin/TCF target genes. Shown is real-time PCR analysis of cultured myogenic cells after stimulation with BSA (control)
and recombinant Wnt proteins. Only Wnt3a induced the transcription of the b-catenin/TCF target genes Tcf7 and Axin2 (n = 5).
(E) Wnt7a protein is expressed by regenerating myofibers, and not by vascular endothelial cells. Shown are cryosections of 4-day CTX-induced regenerating (left)
and resting contralateral (right) TA muscles. Sections were examined for the expression of myogenin (differentiating myogenic cells), CD144 (endothelial cells),
and Wnt7a proteins.
Scale bars are 25 mm. Errors bars represent SEM.regeneration suggested that Wnt7a-Fzd7 signaling is involved
in regulating muscle stem cell function. In addition, Wnt7a had
no effect on the growth or differentiation of cultured primary
myoblasts in vitro (Figure S8). Therefore, to investigate the role
of Wnt7a-Fzd7 signaling in satellite cells, we examined the ability
of recombinant Wnt7a to alter the ratio between asymmetric and
symmetric cell divisions of satellite stem cells in vitro. Myofibers
were isolated from Myf5-Cre/ROSA26-YFP EDL muscle and
cultured under nonadherent conditions. In our culture system,
quiescent satellite cells become activated immediately following538 Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc.myofiber isolation. Satellite cells leave their niche, migrate
across the basal lamina, and undergo their first cell division in
a synchronous fashion. Thus, we visualized the outcome of the
first division by fixing and staining the myofibers after 42 hr of
culture. Importantly, live imaging analysis confirms that satellite
cells do not move on myofibers before dividing and that scored
cell doublets are of clonal origin (Kuang et al., 2007).
Satellite stem cells (YFP) underwent either a symmetrical cell
division to give rise to two YFP daughter cells, or an asymmetric
cell division to give rise to one YFP stem cell and one YFP+
Cell Stem Cell
PCP Pathway Regulates Stem Cell ExpansionFigure 3. Wnt7a-Frizzled7 Signaling Drives Satellite Stem Cell Expansion
(A) First division of Pax7+/YFP satellite stem cells, 42 hr after isolation of EDL single myofibers fromMyf5-Cre/ROSA26-YFPmice, cultured in floating conditions.
Satellite stem cells either give rise to one YFP stem cell and one YFP+ committed cell, via asymmetric cell division (left), or alternatively give rise to two
YFP daughter cells by symmetric cell division (right).
(B) Wnt7a, but not Wnt3a, stimulation markedly increased the proportion of symmetric cell divisions resulting in satellite stem cell expansion (n = 3, *p = 0.009).
(C) Activated satellite cells on cultured myofibers at 42 hr after isolation do not express Fzd7 (bottom) after knockdown of Fzd7 with siRNA, as compared to cells in
nonsilencing conditions (top).
(D) The Wnt7a-induced increase in the rate of symmetric satellite stem cell divisions was abrogated following silencing of Fzd7 on myofibers after 42 hr of culture
(n = 3, *p < 0.02).
(E) The increase in satellite stem cell numbers induced by Wnt7a was blocked by silencing of Fzd7 on myofibers after 52 hr of culture (n = 3, *p < 0.03).
Scale bars are 10 mm. Errors bars represent SEM.committed precursor (Figure 3A). When stimulated with Wnt7a,
we observed a dramatic increase in the proportion of symmetric
cell divisions from 30% to 67% (n = 3, nR 152 pairs, p = 0.009).
By contrast, Wnt3a treatment did not induce any significantly
change (Figure 3B). Therefore, Wnt7a stimulated an increase in
symmetric satellite stem cell divisions.
Our experimental analysis suggested that Wnt7a specifically
binds the Fzd7 receptor (Figures 2C and 2D). Therefore, to deter-
mine whether the induction of symmetric stem cell divisions byWnt7a required the presence of Fzd7, we performed Fzd7
knockdown experiments on isolated myofibers. Immunostaining
of treated fibers demonstrated extensive silencing of Fzd7
expression after 42 hr (Figure 2C). Importantly, siRNA-induced
knockdown of Fzd7 resulted in a complete abrogation of the
ability of Wnt7a to induce symmetric satellite stem cell divisions
(n = 3, R 123 pairs, p % 0.02). By contrast, scrambled siRNA
treatment did not significantly affect this activity of Wnt7a
(Figure 3D). Consistent with these results, the proportion ofCell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc. 539
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PCP Pathway Regulates Stem Cell ExpansionFigure 4. PCP Components Are Expressed by Myogenic Cells
(A) Quantitative real-time PCR analysis indicated expression of PCP core component transcripts by YFP+ and YFP satellite cell-derived myoblasts (n = 3).
(B) Immunostaining indicated that Vangl2 is upregulated during activation of Pax7+ satellite cells by 24 hr on cultured myofibers.
(C) Wnt7a induces polarized Vangl2 cellular localization on opposite poles of dividing Pax7+ satellite cells on cultured myofibers. EDL myofibers were cultured in
control medium or medium supplemented with Wnt7a and fixed 42 hr after isolation.
(D) Effects of Wnt treatment on Vangl2 polarization during initial division. Wnt7a signaling, but not Wnt3a, induces polarized localization of Vangl2 and Fzd7 during
satellite cell division (n = 3, *p = 0.006).
(E) Wnt7a-treated myofibers were immunolocalized for Vangl2 and the membrane marker a7-integrin. Vangl2 is polarized and colocalizes to the membrane in
planar-dividing satellite cells (arrows). Note the polarized and upregulated expression of a7-integrin, which facilitates adhesion to the basal lamina of both
daughter cells.
Scale bars are 10 mm. Errors bars represent SEM.satellite stem cells (Pax7+/YFP) after the second division (50 hr)
was significantly increased by 13% after Wnt7a treatment
(n = 3, R 1203 cells, p % 0.03), resulting in an increase in the
number of stem cells per fiber (Figure 3E, Figure S6B). Similarly,
Fzd7 silencing efficiently blocked the effect of Wnt7a
stimulation. We observed that the total number of Pax7+ cells
per fiber remained constant between each condition, confirming
that Wnt7a does not effect cell proliferation or differentiation
(Figure S6C).
These results demonstrate that Wnt7a signals via Fzd7 to
stimulate symmetric satellite stem cell division and thus drive
the expansion of the satellite stem cell pool.
Role for the PCP Component Vangl2
in Satellite Stem Cell Self-Renewal
Our analysis indicated that Wnt7a does not activate the canonical
Wnt/b-catenin signaling pathway (Figure 2D, Figure S4) and that540 Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc.Wnt7a signals through the Fzd7 receptor to drive satellite stem
cell symmetric divisions (Figures 2C, 3B, and 3D). InXenopus lae-
vis, xFzd7 is considered a component of the PCP signaling
pathway involved in gastrulation (Goto et al., 2005). Therefore,
we hypothesized that Wnt7a acts through Fzd7 to activate the
PCP pathway and drive satellite stem cell expansion.
To investigate if Wnt7a activates the PCP pathway, we first
analyzed the relative transcript levels of a set of core PCP
components (Seifert and Mlodzik, 2007) in myogenic cells. Inter-
estingly, myoblasts expressed significant levels of Dvl-2 and -3,
Fzd-3 and -7, Pk-1 and -2, and Vangl-1 and -2 and low levels of
Celsr2. Other PCP component genes tested were called absent
with cutoff values over 30 cycles (Figure 4A). In addition, cultured
satellite stem cells (YFP) expressed significantly higher levels of
all PCP components (n = 3, p < 0.05), with a marked upregulation
of Vangl2, consistent with a role for PCP signaling in regulating
satellite stem cell function.
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signaling in Drosophila and vertebrates (Torban et al., 2004). In
cells with active PCP signaling, Vangl2 protein is distributed at
the poles at either end of the axis of polarization, and this distri-
bution is lost in PCP mutants (Montcouquiol et al., 2006). Vangl2
protein was not detected in quiescent satellite cells on isolated
myofibers but was upregulated in activated satellite cells as
they entered the cell cycle by 24 hr in culture. After 48 hr, all
Pax7+-activated satellite cells were also positive for Vangl2
(100%, n = 3 mice, R100 cells per mouse) (Figure 4B). We
also confirmed the expression in satellite cells of Prickle1 and
Celsr2 proteins that interact with Vangl2 in vivo (data not shown).
Importantly, in the presence of Wnt7a, a significant proportion
of dividing doublets of satellite cells on cultured myofibers (29% ±
4%, n = 3,R240 pairs, p%0.006) exhibited polarized localization
of Vangl2 on opposite poles of the daughter cells (Figures 4C and
4D). By contrast, following BSA (control) or Wnt3a treatment,
Vangl2 protein was uniformly dispersed in satellite cell doublets
(90% ± 2% and 89% ± 2%, respectively) (Figures 4C and 4D).
Moreover, double staining with anti-Vangl2 and anti-a7-integrin
antibodies revealed that Wnt7a appeared to induce enhanced
membrane localization of Vangl2 and polarized distributiona7-in-
tegrin. This redistribution did not occur in untreated cells or in
cells undergoing apical-basal cell divisions (Figure 4E). Taken
together, these observations strongly support the assertion that
Wnt7a induces a redistribution of the polarity effector Vangl2
and a7-integrin and that the upregulated expression of a7-integ-
rin at the poles of daughter cells allows them to remain adherent
with the basal lamina and to remain in the stem cell niche.
To investigate the role of Vangl2 in satellite stem cell function,
we performed siRNA silencing of Vangl2 on single Myf5-
Cre/ROSA26-YFP myofibers stimulated with Wnt7a. Myofibers
were first stained with Pax7 and Syn4 antibodies to allow visual-
ization of the plane of satellite cell division relative to the fiber, and
cell divisions scored as either planar or apical-basal (Figure 5A).
At 42 hr after the first cell division, Wnt7a stimulation induced
planar divisions and accordingly resulted in a 12% decrease
in apical-basal cell divisions. By contrast, Vangl2 silencing
increased the proportion of apical-basal cell divisions by 15%,
(n = 3, R154 pairs, p % 0.02) (Figure 5B). Myofibers from the
same experiments were also stained with Pax7 and YFP
antibodies and the percentage of symmetric cell divisions
scored. We observed a close inverse correlation between the
proportions of apical-basal versus symmetric cell divisions.
Wnt7a stimulation increased the proportion of symmetric cell
divisions, whereas Vangl2 knockdown markedly impaired the
ability of Wnt7a to stimulate symmetric cell divisions (n = 3,
R65 pairs, p% 0.02) (Figure 5C).
To analyze the role of Vangl2 in satellite cell proliferation and
myogenic potential, we cultured fibers for 50 hr and assessed
Vangl2 silencing by immunostaining (Figure 5D). At this point,
Vangl2 knockdown continued to increase the rate of apical-basal
cell divisions (n = 5, R150 pairs, p = 0.001) (Figure 5E) while
depleting the population of satellite stem cells (n = 3,R330 cells,
p = 0.03) (Figure 5F). This resulted in a marked diminution in
the total number of satellite cells per fibers (n = 5, R500 cells,
p = 0.001) (Figure 5G). At 3 days after knockdown of Vangl2
(Figure 5H), we observed a doubling in the number of cells
expressing myogenin, an early marker for differentiation (n = 4,R550 cells, p = 105) (Figure 5I) along with a loss of half the cells on
fibers (n = 4,R550 cells, p = 0.001) (Figure 5J). Vangl2 silencing
on satellite cell-derived myoblasts resulted in reduced levels of
Pax7 and Myf5 transcripts, along with increased levels of myo-
genin (n = 4, p% 0.05) (Figure 5K). Together, these data suggest
that Vangl2 is required for self-renewal of both satellite stem cells
and the generation of transient-amplifying myoblasts.
These data demonstrate that Wnt7a signaling through Fzd7
requires Vangl2 to induce symmetric expansion of the satellite
stem cell pool. Wnt7a also induces polarized distribution of
Vangl2 protein at the opposite poles of cells undergoing
a symmetric planar cell division. Hence, Wnt7a utilizes the PCP
pathway to control the orientation of satellite cell division and
their fate within the niche.
Wnt7a Enhances Muscle Regeneration
by Expanding the Stem Cell Pool
To investigate the role of the Wnt7a-Fzd7-Vangl2 pathway in
muscle regeneration in vivo, we overexpressed Wnt7a by elec-
troporation of a CMV-Wnt7a expression plasmid into TA muscles
of 3-month-old mice. Histological analysis of muscles electropo-
rated with CMV-lacZ plasmid revealed that the majority (>80%)
of the myofibers expressed the b-galactosidase (Figure S7A)
and that we did not detect any regeneration deficit following
electroporation of control plasmid (Figure S7B). In addition, im-
munostaining revealed that myofibers electroporated with
CMV-Wnt7a plasmid secreted readily detectable levels of
Wnt7a protein (Figure S7C).
Notably, TA muscles electroporated with CMV-Wnt7a ex-
hibited an 18% ± 4% (p = 0.009, n = 8) increase in mass after 3
weeks. Examination of serial sections of electroporated muscles
revealed an increase in the overall size of the muscle as well as
a significant increase in caliber size and numbers of fibers
throughout the body of the muscle (Figure 6). By contrast, over-
expression of Wnt3a resulted in a larger increase in the number
of myofibers, but these exhibited a dramatic reduction in cross-
sectional area, resulting in reduced regeneration efficiency
(Figure 6). We did not observe an effect of Wnt7a overexpression
on other cell types in muscle tissue. However, overexpression of
Wnt3a resulted in abnormal matrix deposition, suggesting an
enhancement of proliferation of fibroblastic/smooth muscle
progenitors resulting in increased fibrosis (Figure 6B). Taken
together, our results indicate that overexpression of Wnt7a
markedly enhances muscle regeneration, as evidenced by the
presence of increased numbers of larger fibers and the signifi-
cantly increased mass of muscle.
As previously noted, Wnt7a treatment did not alter the growth
or differentiation of activated satellite cells or primary myoblasts
in vitro (Figures S6C, S8A, S8C, and S8D). In addition, Wnt7a
did not induce the expression of MyoD or of Wnt/b-catenin
target genes in differentiated myocytes (Figures S8B and S8E).
However, our in vitro experiments established that Wnt7a-
Fzd7-Vangl2 signaling stimulated the symmetrical expansion
of satellite stem cells, which would then give rise to transient
amplifying progenitors that undergo normal proliferation and
differentiation. To assess whether Wnt7a similarly stimulates
the expansion of satellite stem cells in vivo, we enumerated the
numbers of satellite cells and satellite stem cells in regenerated
muscle following electroporation of CMV-Wnt7a.Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc. 541
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EDL single myofibers from Myf5-Cre/ROSA26-YFP mice were cultured in floating conditions and subjected to either nonsilencing or Vangl2 siRNA transfection.
(A) Orientation of Pax7+/Syndecan-4+ satellite cell first cell division at 42 hr. Divisions were scored either as planar (top) or apical-basal (bottom). Note, in myofiber
culture, satellite cells translocate to the outside surface of the basal lamina (white line), and apical-basal cell divisions are directed into the media.
(B) Wnt7a induces a significant decrease in the proportion of apical-basal cell divisions after 42 hr of culture, supporting its function in stimulating stem cell expan-
sion. Knockdown of Vangl2 inhibits the ability of Wnt7a to stimulate planar cell divisions (n = 3, *p < 0.02).
(C) The Wnt7a-induced increase in symmetric satellite stem cell divisions was abrogated following silencing of Vangl2 on myofibers after 42 hr of culture (n = 3,
*p < 0.02).
(D) Activated satellite cells on myofibers knocked down for Vangl2 after 52 hr of culture do not express Vangl2 (bottom) as compared to cells in nonsilencing
conditions (top).
(E) Knockdown of Vangl2 increased the rate of apical-basal divisions (n = 5, *p = 0.001).
(F) Knockdown of Vangl2 decreased the proportion of Pax7+/YFP stem cells (n = 3, *p = 0.03).
(G) Knockdown of Vangl2 decreased the number of cells per fibers (n = 5, *p = 0.001).
(H and I) Silencing of Vangl2 increased the proportion of differentiating myogenin+/Pax7 cells myofibers after 3 days of culture (n = 4, *p = 105).
(J) Silencing of Vangl2 depleted the satellite cells pool (n = 4, *p = 0.001).
(K) Vangl2 silencing promotes myogenic differentiation as revealed by real-time PCR analysis of gene expression in satellite cell-derived myoblasts (n = 4).
Scale bars are 10 mm. Errors bars represent SEM.Overexpression of Wnt7a resulted in about a 2-fold increase
in the number of Pax7+ satellite cells per myofiber on sections
at 3 weeks after electroporation (p = 0.03, n = 4). By contrast,
overexpression of Wnt3a did not alter the number of satellite
cells (Figures 7A and 7B). To enumerate the proportion of
satellite stem cells, FACS-isolated satellite cells were isolated
from Myf5-Cre/ROSA26-YFP TA muscle at 3 weeks following
electroporation, cultured for 24 hr, then immunostained for542 Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc.Pax7 and YFP (Figure 7C). Consistent with our observations
that Wnt7a induces symmetrical satellite stem cell divisions
in vitro, we observed that overexpression of Wnt7a in regen-
erating muscle in about a 63% increase (n = 5, p = 0.0001)
in the proportion of Pax7+/YFP satellite stem cells (Fig-
ures 7C and 7D). Therefore, these data indicate that, similarly,
Wnt7a acts on the satellite stem cell compartment in vitro and
in vivo.
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Wnt7a, we analyzed the regeneration phenotype of 3-month-
oldWnt7a/ null mice (Miller and Sassoon, 1998). Quantification
of Pax7-expressing satellite cells on freshly isolated myofibers
from EDL muscle demonstrated that Wnt7a/ null mice exhibit
about an 18% decrease in number of satellite cells per fiber
(p = 0.03, n = 4) (Figure 7E). Three weeks following a freeze-crush
injury, the regenerated Wnt7a/ TA muscles appeared grossly
normal (Figure 7F). Importantly, examination of sections of
regenerated Wnt7a/ TA muscles revealed a significant 36%
decrease in the numbers of satellite cells (p = 0.03, n = 3)
(Figure 7G). This result strongly supports the notion that Wnt7a
plays an important role in regulating satellite stem cell function.
Overexpression of Wnt7a in muscle drives expansion of the
satellite stem cell pool, and conversely, the satellite cell
compartment becomes depleted in the absence of Wnt7a.
Figure 6. Ectopic Wnt7a Enhances Muscle
Regeneration
(A) Representative histology of regenerated TA
muscles of 3-month-old mice, 8 days following
electrotransfer-induced injury. Regenerated myo-
fibers show centrally located nuclei. Scale bar is
25 mm.
(B) Representative cryosections of TA muscles
3 weeks following electroporation with CMV-
Wnt7a plasmid exhibit accelerated regeneration
as evidenced by increased mass, and number
and caliber of fibers. Electroporation with
CMV-Wnt3a resulted in malformed muscle with
abnormal accumulation of matrix. The basal
lamina of myofibers was detected by laminin a2
chain immunostaining. Scale bars are 200 mm.
(C) Quantification of muscle fiber caliber in TA
muscles electroporated with either saline or a
Wnt7a/Wnt3a expression plasmids, as compared
to contralateral leg, 3 weeks after electroporation
(n = 4, *p% 0.008). Wnt7a and Wnt3a have diver-
gent effects on myofiber caliber.
(D) Quantification of muscle fiber number in TA
muscles electroporated with either saline or
a Wnt7a/Wnt3a expression plasmid, as compared
to contralateral leg, 3 weeks after electroporation
(n = 4, *p% 0.03).
Errors bars represent SEM.
Together, our data demonstrate a role for
Wnt7a signaling via the PCP pathway to
stimulate satellite stem cell symmetrical
cell division to drive expansion. Therefore,
Wnt7a regulates the homeostatic levels of
the satellite stem cell compartment
and thus regulates the efficiency of regen-
erative myogenesis in adult skeletal
muscle.
DISCUSSION
We undertook a gene expression analysis
of satellite stem cells toward identifying
signaling pathways that regulate their
function. Satellite stem cells represent a small subpopulation
of satellite cells that are capable of self-renewal and long-term
reconstitution of the satellite cell niche following transplantation
(Kuang et al., 2007). Our experiments identified the noncanonical
Wnt receptor Fzd7 as being specifically expressed in quiescent
satellite cells (Figure 1). Wnt7a was examined as a candidate
receptor for Fzd7 because of its expression and role during
embryonic and adult myogenesis (Chen et al., 2005; Cossu
and Borello, 1999; Polesskaya et al., 2003; Tajbakhsh et al.,
1998). We found by real-time PCR and immunohistochemistry
that Wnt7a was markedly upregulated in newly formed myofib-
ers during regenerative myogenesis (Figures 2B, 2E) and that
the Fzd7 receptor is necessary for Wnt7a binding at the surface
of myogenic cells (Figure 2C).
Satellite stem cells undergo apical-basal asymmetric cell divi-
sions to give rise to committed myogenic cells that expressCell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc. 543
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PCP Pathway Regulates Stem Cell ExpansionFigure 7. Wnt7a Drives Satellite Stem Cell Expansion In Vivo
(A) TA muscles of 3-month-old mice were electroporated with either saline or a Wnt7a/Wnt3a expression plasmid and dissected after 3 weeks. Sublaminar Pax7+
satellite cells were scored on cryosections of electroporated muscles. Note the increased numbers of Pax7+ satellite cells (arrows) following electroporation with
CMV-Wnt7a plasmid. Scale bar is 25 mm.
(B) The satellite cell population was increased by 2-fold following electroporation of CMV-Wnt7a plasmid (n = 4, *p % 0.03) as compared to saline- or
Wnt3a-electroporated samples.
(C) Satellite cells were FACS sorted from electroporated Myf5-Cre/ROSA26-YFP TA muscles, 3 weeks after electroporation, and plated in culture for 24 hr, fixed,
and stained for Pax7 and YFP. Scale bar is 10 mm.
(D) The proportion of Pax7+/YFP satellite stem cells was significantly increased following overexpression of Wnt7a in electroporated TA muscles (n = 5,
*p% 0.0001).
(E) Wnt7a/ myofibers showed that a reduced population of Pax7+ satellite cells on myofibers was isolated from EDL muscle. (n = 4, *p = 0.03).
(F) Cryosections of freeze-injured TA muscles of 3-month-old Wnt7a/ null mice and their littermate controls analyzed at 3 weeks following injury. No significant
difference in terms of structure or cross-sectional area was observed in the regenerated muscle. Scale bar is 20 mm (n = 3).
(G) Decreased numbers of satellite cells were observed in regenerated Wnt7a/ TA muscles normalized to the number of myofibers in cross-sectional area and
to the contralateral leg (n = 3, *p = 0.03).
Errors bars represent SEM.Myf5, and to maintain their population through self-renewal.
Alternatively, satellite stem cells can undergo planar symmetric
cell divisions to drive expansion of their population (Kuang
et al., 2007). Importantly, we found that recombinant Wnt7a
protein dramatically stimulated the symmetric expansion of
satellite stem cells and that this expansion required Fzd7 and
Vangl2 (Figures 3 and 5), both components of the PCP signaling
pathway. Moreover, Wnt7a induced polarized localization of
Vangl2 at opposite poles in pairs of dividing cells (Figure 4) in544 Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc.a manner consistent with Wnt7a activating PCP signaling. Over-
expression of Wnt7a during muscle regeneration resulted in an
impressive enhancement of the regeneration process, gener-
ating more fibers of bigger caliber, independent of an effect on
myoblast proliferation or differentiation (Figure 6). Importantly,
Wnt7a overexpression resulted in a large expansion of the
satellite stem cell population, and Wnt7a loss resulted in
impaired maintenance of the satellite cell compartment (Fig-
ure 7). These results provide important new insights into the
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PCP Pathway Regulates Stem Cell Expansionmolecular regulation of satellite cell self-renewal and implicate
the Wnt noncanonical PCP pathway in the regulation of adult
stem cell function.
The Wnt-PCP pathway plays a role in patterning by instituting
polarity of cells within a tissue, such as with the organized orien-
tation of epithelial cells in Drosophila (Zallen, 2007). In verte-
brates, PCP signaling, and particularly its effecter Vangl2 (also
known as Strabismus), is required for the polarization of stereo-
ciliary bundles in the cochlea (Montcouquiol et al., 2003), for
convergent extension (CE) movements regulating gastrulation
and neurulation (Torban et al., 2004), for neural tube closure
(Torban et al., 2008), and in regulating myocyte orientation in
the developing myotome (Gros et al., 2009). During zebrafish
neurulation, loss of Vangl2 abrogates polarization of neural
keel cells by preventing reintercalation of daughter cells into
the neuroepithelium, resulting in ectopic neural progenitor accu-
mulation (Ciruna et al., 2006).
We propose that the symmetric expansion of satellite stem
cells results from a PCP-mediated orientation of the axis of
stem cell division. Since PCP is a positional signal relying on
the redistribution of effectors proteins, polarization of PCP core
molecules on opposite poles of the daughter cells allows both
cells to maintain contact with the basal lamina and thus preserve
their orientation relative to the niche (Figure 4 and Figure S9).
Notably, Wnt7a induced polarized distribution of Vangl2 and
a7-integrin (Figure 4E). The upregulated and polarized localiza-
tion of a7-integrin allows both daughter cells to remain attached
to the basal lamina. By contrast, a7-integrin expression is
reduced and evenly distributed in apical-basal-oriented cell divi-
sions. Daughter cells that are ‘‘pushed’’ toward the sarcolemma,
thus losing contact with the basal lamina, activate Myf5 tran-
scription and commit to a progenitor state (Kuang et al., 2007).
Therefore, these data suggest that the PCP pathway intersects
with the mechanisms that control apical-basal cell divisions
and commitment and function through a mechanism that
promotes adhesion to the basal lamina.
Our experiments suggest that polarized distribution of Vangl2
protein at the poles of a couplet of daughter cells allows both
cells to remain attached to the basal lamina and therefore main-
tain a stem cell state, resulting in expansion of the stem cell pop-
ulation. Subsequent cell divisions will generate larger numbers of
committed daughter cells through apical-basal asymmetric divi-
sions that will undergo normal expansion and differentiation
(Figure 6). We previously noted that the proportion of Pax7+/
Myf5 satellite stem cells increased from 10% to about 30% at
3 weeks following injury (Kuang et al., 2007) and that overexpres-
sion of Wnt7a further increased the level to 50% (Figures 7C
and 7D). By contrast, satellite cell numbers decreased by 36%
in Wnt7a-deficient muscle following injury and regeneration
Figure 7G). These data strongly support both the model through
which Wnt7a regulates the homeostatic maintenance of the
satellite stem cell pool by modulating the increase in satellite
stem cell expansion during regenerative myogenesis, and that
basal levels of PCP signaling are insufficient to maintain the
satellite cell pool at normal levels.
In the fly, it has been demonstrated that, in parallel to the
frizzled-induced PCP signaling, Strabismus collaborates with
Flamingo to mediate planar cell orientation. A secondary PCP
mechanism is regulated by the protocadherins Fat and Dachs-ous independently of the core effectors Frizzled and Strabismus
(Zallen, 2007). In our in vitro single myofiber system, the
basal rate of symmetric divisions was not perturbed by the
loss of Fzd7. By contrast, silencing of Vangl2 not only abrogated
Wnt7a stimulation of symmetric expansion but also reduced the
basal state of symmetric stem cell division. Therefore, it is likely
that other PCP mechanisms, dependent on Vangl2 or on the pro-
tocadherins, mediate basal PCP signaling independent of Wnt
binding.
It is possible that basal levels of PCP signaling are activated
through other effectors. One such candidate is Syn4, a cell
surface heparan sulfate proteoglycan expressed by quiescent
satellite cells and their activated progeny (Cornelison et al.,
2001). Satellite cells in mice deficient for Syn4 are compromised
in activation, proliferation, and differentiation in vitro, and they fail
to reconstitute damaged muscle in vivo (Cornelison et al., 2004).
Importantly, during Xenopus embryogenesis, xSyn4 interacts
directly with xFzd7 and xDsh to activate noncanonical Wnt ignal-
ing to regulate convergent and extension (CE) movements
(Munoz et al., 2006). In addition, Syn4 and noncanonical Wnt
signaling regulates the directional migration of neural crest cells
(Matthews et al., 2008). Therefore, Syn4 and Fzd7 appear to
cooperate to activate noncanonical Wnt signaling through
the PCP pathway. Consistent with this hypothesis, we found
that Syn4 expression was severely perturbed in satellite cells
following Vangl2 silencing on myofibers (data not shown).
Thus, the inability of satellite cells from Syn4/ mice to regen-
erate muscle may be a consequence of a defect in PCP
signaling.
Canonical Wnt signaling plays a well-documented role in
regulating myogenic growth and differentiation. Recently, the
temporal balance between proliferation and differentiation of
satellite cells in adult muscle was demonstrated to be regulated
by crosstalk between Notch and Wnt/b-catenin signaling path-
ways (Brack et al., 2008). Activation of the Wnt/b-catenin
signaling pathway inhibits Notch-mediated maintenance of the
undifferentiated state and thus facilitates differentiation. Our
experiments indicate that activation of Wnt/b-catenin signaling
using Wnt3a did not interfere with satellite stem cell choice
between commitment and symmetric expansion (Figures 3B
and 4D). Nevertheless, overexpression of Wnt3a in vivo appeared
to impair regeneration possibly by promoting premature differen-
tiation and the formation of myofibers of reduced size (Figure 6).
Indeed, Wnt3a stimulation of satellite cells on single myofibers
drove their differentiation, as evidenced by significant increase
in the number of Pax7/MyoD+ cells (data not shown). However,
we were unable to detect Wnt3a expression in undamaged or
regenerating skeletal muscle by real-time PCR. Potentially other
upregulated Wnts, such as Wnt10a (Figure 2B, Figure S4), may
function to activate the Wnt/b-catenin signaling pathway in
myogenic cells. Furthermore, we observed a large upregulation
of the Wnt inhibitors sFRPs during the early stages of the regen-
erative process. Perhaps this represents a physiological feed-
back system that inhibits canonical Wnt signaling, allowing the
proliferation of myogenic progenitors. Thus, as hypothesized by
Brack et al. (2008), inhibition of Wnt/b-catenin signaling would
act to promote muscle regeneration.
In Xenopus embryos, the Vangl2 homolog Strabismus
inhibits Wnt/b-catenin-activated transcription by competing forCell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc. 545
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PCP Pathway Regulates Stem Cell ExpansionDisheveled (Park and Moon, 2002). Thus, PCP signaling may
also act to keep satellite stem cells in an uncommitted state by
antagonizing canonical Wnt/b-catenin signaling. In Drosophila
eye development, Frizzled/PCP signaling induces cell-fate spec-
ification of the R3/R4 photoreceptors through regulation of
Notch activation in R4 (del Alamo and Mlodzik, 2006). This raises
the possibility that crosstalk between Frizzled/PCP and Notch
pathways, as well as Wnt/b-catenin pathways, acts to coordi-
nate satellite stem cell choice between self-renewal/commit-
ment and expansion.
Molecular characterization of satellite stem cells is providing
important insights into the molecular mechanisms regulating
their function. Our identification of a role for the Wnt7a/Fzd7/
Vangl2 signal transduction cascade reveals an unanticipated
role for the PCP pathway in regulating the symmetric expansion
of satellite stem cells. This finding represents a significant
advance in our understanding of satellite cell biology and muscle
regeneration. Future experiments will investigate the utility of
modulating the PCP pathway to augment muscle regeneration
toward ameliorating the loss of muscle function in neuromus-
cular disease.
EXPERIMENTAL PROCEDURES
Mice and Animal Care
Adult (8–12 weeks of age) Myf5-Cre/ROSA26-YFP mice were obtained by
crossing the knockin Myf5-Cre (Tallquist et al., 2000) heterozygous mice
with ROSA26-YFP (Srinivas et al., 2001) homozygous reporter mice. ROSA26-
YFP mice were used as wild-type controls. Wnt7a null mice and their littermate
controls were obtained by crossing heterozygous Wnt7a+/ mice. All
mice were maintained inside a barrier facility, and experiments were per-
formed following the University of Ottawa regulations for animal care and
handling.
Cell Sorting
Mononucleated muscle-derived cells were isolated from hindlimb muscles
and staining was performed as previously described (Ishibashi et al., 2005;
Kuang et al., 2007). Cells were separated on a MoFlo cytometer (DakoCytoma-
tion) equipped with three lasers. Dead cells and debris were excluded by
Hoescht staining and by gating on forward and side scatter profiles (Figure S1).
Myofiber Isolation, Culture, and Immunohistochemistry
Single myofibers were isolated from the EDL muscles as previously described
(Charge et al., 2002). Isolated myofibers were cultured in suspension in 6-well
plates coated with horse serum to prevent fiber attachment (Kuang et al.,
2006). Fibers were incubated in plating medium consisting of 15% FBS
(Hyclone) and 1% chick embryo extract (CEE, Accurate Chemicals) in
DMEM containing 2% L-glutamine, 4,5% glucose, and 110 mg/ml sodium
pyruvate. For myoblast culture, satellite cells were sorted and plated on
collagen-coated dishes in Ham’s F10 medium supplemented with 20% FBS
and 5 ng/ml of basic FGF (Invitrogen). For Wnt stimulation, recombinant
Wnt7a or Wnt3a proteins were added in the plating medium (25 ng/ml, R&D
Systems). For in vivo activation of satellite cells, regeneration was induced
by CTX injection in the TA muscle, and 4 days later, individual myofibers
were isolated from the neighboring EDL muscle. Immunochemical labeling
of cryosections, myofibers, and cells were performed as previously reported
(Kuang et al., 2006). The primary antibodies used are listed in Table S2.
siRNA Knockdown
For EDL myofibers, transfections were carried at 4 and 24 hr postdissection in
plating medium using Lipofectamine 2000 reagent (Invitrogen) as per manu-
facturer’s instructions. Fibers were refed in fresh media on the next mornings
and fixed after 42–72 hr of culture. For satellite cell-derived myoblasts, cells
were refed 3 hr prior to transfection, and transfections were carried in growth546 Cell Stem Cell 4, 535–547, June 5, 2009 ª2009 Elsevier Inc.medium. Cells were washed and refed with Ham’s Complete media 6 hr
following transfections. RNA was harvested 48 hr following transfection. siRNA
duplexes were from Ambion siFzd7 (ID s66314) and siVangl2 (ID s96802) and
used at the final concentration of 10 nM each. Transfection efficiency was
monitored using Cy3-labeled siRNA. Knockdown efficiency was assessed
by real-time PCR (Figures S6A and S5K).
Real-Time PCR
RNA was isolated using the RNEasy kits (QIAGEN) and subjected to on-
column DNase digestion as per the manufacturer’s instructions. cDNA
synthesis was performed using the Superscript III reverse transcriptase and
random hexamer primers (Invitrogen). Real-time PCR was carried out as previ-
ously described (Ishibashi et al., 2005). Transcript levels were normalized to
GAPDH transcript levels. Relative fold change in expression was calculated
using the DDCT method (CT values <30). For relative transcript quantification,
each cDNA sample was run on a five-point standard curve so as to assure a
PCR efficiency ofR95%. Wnt signaling pathway PCR arrays were purchased
from Superarray Bioscience Corporation (PAMM-043), and analysis was per-
formed as per the manufacturer’s instructions. See Table S3 for primer
sequences.
Statistical Analysis
A minimum of three and up to five replicates were done for the experiments
presented. Data are presented as standard error of the mean. Results were
assessed for statistical significance using Student’s t test (Microsoft Excel),
and differences were considered statistically significant at the p < 0.05 level.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, nine
figures, and three tables and can be found with this article online at http://
www.cell.com/cell-stem-cell/supplemental/S1934-5909(09)00148-9.
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